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This  report  was  prepared  by  the  Government  Research  Laboratory, 
Exxon  Research  and  Engineering  Company,  Linden,  New  Jersey,  under  Contract 
N00019-78-C-0177  for  the  Department  of  the  Navy.  The  program  was  spon- 
sored by  the  Haval  Air  Systems  Command,  Air  31 OC  and  was  monitored  by 
Dr.  Hyman  Rosenwasser. 

The  initial  program  on  "Alternate  Fuels  Nitrogen  Chemistry"  was 
carried  out  under  Contract  N0001 9-76-0675  over  the  period  of  19  October 
1976  to  20  October  1977. 

This  report  covers  the  period  from  1 February  1978  to  31 
January  1979.  The  principal  investigators  were  Dr.  John  W.  Frankenfeld 
and  Dr.  William  F.  Taylor,  assisted  by  Mr.  Robert  Bruncatl  and  Mr. 

Joseph  Rehburger. 
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Present  petroleum  derived  jet  fuels  experience  few  problems 
resulting  from  nitrogen  compounds  (as  attested  to  by  the  lack  of  a total 
nitrogen  level  fuel  specification),  since  they  presently  contain  little 
If  any  nitrogen  (e.g.,  less  than  5 ppm  total  N).  However,  synthetic 
crude  oils,  particularly  as  derived  from  shale  rock,  contain  drastically 
higher  levels  of  nitrogen.  In  addition,  research  has  Indicated  that  such 
nitrogen  compounds  are  much  harder  to  remove  than  other  trace  Impurities, 
and  It  Is  highly  probable  that  future  alternate  jet  fuels  will  contain 
much  higher  nitrogen  levels  than  present  petroleum  derived  fuels.  Studies 
have  shown  that  certain  trace  nitrogen  containing  Impurities  promote 
sediment  formation  In  fuels  of  the  JP-5  type.  This  formation  occurs  at 
ambient  temperature  and  is  of  sufficient  magnitude  to  cause  storage  sta- 
bility problems  In  such  fuel.  As  a result,  a study  of  the  fundamental 
chemistry  of  sediment  formation  caused  by  nitrogen  compounds  Is  being 
carried  out  to  provide  a greater  insight  Into  the  probable  causes  of 
sedimentation  and  provide  a sound  basis  for  future  work  aimed  at  esta- 
blishing acceptable  nitrogen  levels  In  synfuels  which  optimize  properties 
such  as  storage  stability  vrs  cost  and  availability  considerations. 

The  major  objectives  of  the  present  program  were  to  determine 
the  magnitude  of  the  sedimentation  problem,  especially  with  respect  to 
the  number  of  nitrogen  compound  types  which  promote  It,  to  study  the  effects 
of  light,  storage  conditions  and  the  presence  of  other  non-hydrocarbon 
Impurities  and  Investigate  the  structure  and  mechanism  of  formation  of 
the  sediment. 
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In  carrying  oat  the  program,  a simplified  model  system  with 


purified  normal  decane  as  the  diluent  was  employed.  Various  nitrogen 


compounds  were  added  alone  or  together  with  other  trace  Impurities  to 
determine  their  Individual  effects  on  sedimentation.  Duplicate  samples 


were  stored  under  UV  light  and  in  total  darkness.  The  sediments  formed 


were  removed  periodically,  weighed  and  analyzed  for  C,  H,  N and  by 


infrared  and  mass  spectral  methods.  The  results  obtained  and  conclusions 


reached  are  as  follows: 


• Nitrogen  compounds  of  the  types  found  In  synthetic  derived 


crude  oils  such  as  obtained  from  shale  rock  can  cause  the  formation  of 


significant  quantities  of  sediment  in  relatively  short  times  and  thus 


pose  a potentially  serious  problem  in  the  storage  stability  area. 


• The  type  of  nitrogen  compounds  present  in  the  fuel  Is  very 


important  as  not  all  classes  of  nitrogen  compounds  are  deleterious. 
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• Structural  effects  among  deleterious  types  appear  to  be 


important  also  as  the  sediment  formation  rate  is  very  high  with  ALKYL  indoles 


and  pyrroles;  especially  if  the  alkyl  groups  are  in  the  2 and/or  5 position. 


• The  interaction  of  nitrogen  compounds  with  other  trace 


impurities  can  exert  a strong,  but  complex  effect  on  tne  rate  of  sedi- 


ment formation.  The  presence  of  carboxylic  acids  strongly  accelerates 


the  rate  of  sediment  formation,  with  this  effect  being  most  pronounced 
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In  the  dark.  In  contrast,  the  prerence  of  phenols  reduces  the  rate  of 
sediment  formation.  In  addition,  there  are  strong  structural  effects 
among  phenolic  types.  Aromatic  thiols  also  markedly  inhibit  sediment 
formation  but  lose  their  effectiveness  on  prolonged  storage.  Other 
sulfur  compounds  such  as  sulfides  and  mercaptans  have  very  little 

Influence  on  sedimentation  rates. 

• The  type  of  hydrocarbons  present  in  the  fuel  have  little 
Influence  on  sediment. 

• Moisture  and  trace  amounts  of  mineral  acids  have  only 
minor  effects. 

e Dissolved  oxygen  content  of  the  fuel  Is  quite  important; 
deoxygenated  fuels  produce  sediment  of  a much  slower  ratp.  The  combination 
of  deoxygenation  and  exclusion  of  light  can  reduce  sediment  by  more  than  80% 
in  a 60  day  storage  period. 

t The  sediments  have  a definite  structure.  This  consists 
mostly  of  mixtures  of  partially  oxidized  dimers,  trimers  and  tetramers 
of  the  parent  nitrogen  compound.  More  than  one  species  may  be  present 
but  all  are  closely  related. 
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I.  INTRODUCTION 


Certain  nitrogen  compounds  are  known  to  have  adverse  effects  on 
color  stability  of  various  petroleum  distillates  (1-6) . For  example,  Oswald 
and  Noel  (1_)  found  that  pyrrole  reacted  with  0 2 or  peroxides  to  form  hydro- 
carbon insoluble  polymeric  compounds  of  a type  called  "pyrrole  black".  A 
tentative  formula  was  proposed  ( T_) : 
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The  actual  mechanism  for  sediment  formation,  however,  is  not  well 
understood  nor  has  its  importance  in  fuel  instability  been  fully  appreciated. 
Mayo,  et  aK  [2)  also  found  that  oxygen  and  peroxides  had  a profound  effect 
on  deposit  formation  in  pure  hydrocarbons,  although  the  importance  of 
nitrogen  compounds  was  not  recognized.  Other  workers  have  observed  that 
such  reactions  are  catalyzed  by  acids  (3-5) , and  both  olefins  and  thiols  have 
been  implicated  as  participating  in  sediment  formation  under  certain  condi- 
tions (1 ,6). 

Recent  work  at  Exxon  has  shown  that  nitrogen  compounds  promote 
sediment  or  sludge  formation  in  JP-5  Jet  fuel  stored  under  ambient  conditions 
(7,8) . The  reaction  is  first  noted  by  an  almost  immediate  darkening  of  the 
fuel.  This  is  followed  by  the  appearance  of  sludge  which  continues  to 
increase  on  standing.  The  results  clearly  establish  the  importance  of 
nitrogen  compounds  in  sediment  formation.  The  reactions  to  form  such  sludge 
are  strongly  influenced  by  acids,  light  and  oxygen  present  in  the  fuel. 
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Thus,  the  most  rapid  rate  of  sediment  formation  was  observed  in  cases  where 
air  saturated  fuel  containing  both  n-decanoic  acid  and  a nitrogen  compound 
such  as  2, 5-dimethyl  pyrrole  were  stored  in  the  presence  of  light.  Neither 
the  base  fuel  nor  the  fuel  with  acid  added  alone  produced  any  sediment. 

These-  preliminary  studies  also  suggested  that  different  modes  of 
sediment  formation  obtain  under  different  storage  conditions.  This  is 
particularly  noteworthy  in  the  case  of  light  vs  dark  storage  (7 ,8) . In 
addition,  the  appearance  of  the  sludge  in  the  various  experiments  is  quite 
different.  Thus,  it  would  appear  that  one  or  more  different  reaction 
mechanisms  are  operative. 

As  a result  of  these  preliminary  observations,  a program  was 
undertaken  to  study  the  fundamental  chemistry  of  the  effects  of  nitrogen 
compounds  on  storage  stability  of  simulated  jet  fuels. 


2.  TECHNICAL  DISCUSSION 

2.1  Method  of  Approach  and  Experimental  Technique 

Model  fuel  compositions  were  used  in  order  to  simplify 
the  system  for  mechanism  studies.  The  "base  fuel"  was  the  highest 
quality  ji-decane  available.  The  decane  was  further  purified  by  passage 
over  a bed  of  activated  aluminum  oxide  in  order  to  remove  the  last 
traces  of  polar  compounds.  This  material  was  used  as  diluent  for 
the  majority  of  the  experiments  described  in  this  report.  The  test 
compounds  were  the  highest  quality  commercially  available.  These 
were  purified  by  distillation  when  necessary.  In  particular,  the  base 
compound,  2, 5-dimethyl  pyrrole  was  freshly  distilled  to  give  a colorless 
oil  and  stored  in  the  dark  under  a nitrogen  blanket  until  used.  The 
additives,  hydrocarbons,  phenols  and  sulfur  containing  compounds,  were 
the  highest  grade  available  and  were  used  without  purification.  The 
nitrogen  compounds  were  tested  at  the  2000  ppm  level  (nitrogen  basis) 
which  is  within  the  limits  expected  from  fuels  derived  from  shale  or 
coal.  The  oxygenated  compounds  were  added  in  amounts  equivalent  to 
500  ppm  0.  Sulfur  compounds  were  employed  at  the  3000  ppm  S level. 
Hydrocarbons  were  added  at  the  levels  they  normally  occur  in  fuels  of 
the  JP-5  type. 

Duplicate  sets  of  samples  were  set  up  using  glass  bottles. 

One  set  was  stored  in  darkness  at  ambient  temperatures  (24°C).  The 
second  set  was  irradiated  with  long  wave  (366  nm)  UV  light  with  an 
intensity  of  1100  pW/cm2  (8).  In  some  experiments,  sunlight  was  used. 
The  bottles  were  removed  from  storage  at  intervals,  the  precipitate 
filtered  and  dried  under  vacuum  at  110°C  for  1-1/2  hours  before  weighing 
and  subsequent  analysis. 


? 

I fi 

I i ] 


- 4 - 


r 


48 


2.1.1  Standard  (Average)  Sediment  Formation  with  2 ,5- Dimethyl  pyrrole  (DMP) 
The  results  of  four  replicate  experiments  using  DMP  alone  In  decane 
are  given  in  Table  1.  The  agreement  is  quite  good  especially  for  light  storage 
conditions.  Hence,  this  data  has  been  employed  as  the  "control"  standard 
unless  otherwise  noted.  The  average  (now  "standard")  run  Is  also  given  In 
Table  1 . 

2.2  Effects  of  Nitrogen  Compounds  on  Sediment  Formation 

The  survey  of  nitrogen-containing  species  designed  to  identify 
nitrogen  species  capable  of  producing  sediment  was  continued  under  this 
contract.  These  results  confirm  earlier  findings  (8-11)  that  not  all  nitro- 
gen species  are  deleterious  to  fuel  stability.  Most  deleterious  compounds 
fall  Into  the  weak  to  non-baslc  category.  Many  basic  nitrogen  species,  such 
as  most  amines,  do  not  promote  sediment  formation. 

The  results  of  some  screening  studies  are  given  In  Table  2. 

Apart  from  2, 5-dimethyl  pyrrole  (DMP,  included  as  a basis  for  comparison) 
only  acridine  showed  any  tendency  toward  deposit  formation.  Acridine 
(structure  I)  Is  a very  weak  base.  The  strongest  bases,  pyrrolidine  and 
trloctylamine  had  no  noticeable  influence  on  sediment  formation. 

Quinoline,  In  the  presence  of  decanolc  acid,  produced  a colored  solution 
and  a trace  of  sediment  but  the  amount  obtained  was  too  small  to  measure. 
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TABLE  1 


*DMP  - 2.5  - Dimethyl  pyrrole,  added  at  2000  ppm  N level  (See  ref.  8). 


TABLE  2.  SURVEY  OF  EFFECTS  OF  VARIOUS  NITROGEN  COMPOUNDS  ON  SEDIMENT  FORMATION  IN  n-DECANE 


(4)  Sunlight. 

(5)  Solution  colorless  and  clear  throughout. 


- 7 - 


. 

< 


2.2.1  Effects  of  Substituents  on  Pyrrole  and  Indole  Rings 

The  type  and  positioning  of  alkyl  substituents  on  the  pyrrole 
and  Indole  nucleus  have  a considerable  effect  on  sediment.  This  is 
apparent  from  the  data  given  In  Table  3 and  Figures  1-3.  Although 
additional  research  Is  needed,  some  preliminary  generalizations  can 
be  drawn: 

(1)  The  sediment  forming  tendencies  do  not  follow  the 
base  strength  of  the  compounds.  This  is  clear  from  a comparison  of  pK 
values  (Table  4)  with  sediment  formation  (Table  3,  Figure  1). 

(2)  At  least  one  double  bond  In  the  pyrrol ic  ring  Is  needed 
for  oxidative  polymerization;  pyrrolidine  gives  no  sediment  whatever. 

(3)  Methyl  groups  in  the  2-  and  5-  position,  and,  to  a 
lesser  extent  the  l-(N-)  position  enhance  sediment  formation. 

(4)  Sediment  formation  is  retarded  if  the  3-  and  4-  positions 
of  pyrrole  or  the  3-  position  of  indole  are  blocked  by  bulky  groups. 
Carbazole,  for  example,  affords  no  sediment  under  either  dark  or  light 
storage. 

The  above  generalizations  appear  to  hold  in  both  dark  and  light 
storage.  The  differences  between  "active"  and  "inactive"  compounds  are 
accelerated  in  the  dark,  however.  Thus,  2 ,5-dimethyl  pyrrole  affords 
five  times  as  much  sediment  as  pyrrole  in  the  light  but  nearly  100  times 
as  much  under  dark  storage  (Figure  1).  With  indole  the  variation  Is  even 
greater.  The  2-methyl  derivative  gives  >15  times  as  much  sediment  as  indole 
itself  under  light  storage.  In  the  dark  Indole  gives  an  unmeasurable 
amount  of  sediment  in  60  days  while  2-methyl  indole  gives  a significant 
amount  (1.4  g/500  g of  decane.  Table  3). 
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TABLE  4.  BASE  STRENGTHS  OF  PYKROLE  AND  INDOLE  DERIVATIVES  (1) 


PYRROLES 

Substituent 

(Ref  .12.) 

PK 

INDOLES  (Ref.13 ) 

Substituent 

E L_ 

-3.80 

-3.5 

1 -Methyl 

-2.90 

1 -Methyl 

-2.32 

2-Methyl 

-0.21 

2-Methyl 

-0.28 

3-Methyl 

-1.00 

3-Methyl 

-4.55 

2, 5- Dimethyl 

-0.71 

2,3-Dimethyl 

-1.49 

1 . 2, 5-Trl methyl 

-0.24 

1 ,2-D1 methyl 

+0.30 

(1)  Pyrroles  and  Indoles  measured  In  sulfuric  acid;  this  accounts  for  negative 

values.  Compounds  are  too  weakly  basic  for  measurement  by  ordinary  techniques 
(See  Refs.  ]2_  and  13). 
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2.3  Effects  of  Various  Fuel  Components  (Hydrocarbons)  on  Sediment 
Format Jon 

Prior  studies  with  petroleum  derived  fuels  of  the  JP-5  type 
(7,9)  indicated  that  deposit  formation  under  conditions  of  high  tempera- 
ture stress  was  strongly  affected  by  certain  types  of  hydrocarbons  in 
the  fuel.  Particularly  important  were  certain  types  of  olefins  and 
aromatic-olefin  combinations.  In  addition,  an  interaction  between 
2,5-dimethylpyrrole  and  2-methylstyrene  was  encountered  (7).  The  two 
compounds,  present  in  the  fuel  together  afforded  41%  greater  deposits 
than  the  expected  additive  effects  of  the  compounds  studied  separately  (7). 

(It  should  be  noted  that  these  effects  were  in  deoxygenated  fuel  and  in 
conditions  of  high  thermal  stress.)  It  was  of  interest,  therefore,  to 
determine  whether  the  same  Interactions  could  occur  in  air  saturated 
ji-decane  stored  under  ambient  conditions. 

The  hydrocarbons  employed  in  this  study  and  the  levels  at 
which  they  are  tested  are  shown  In  Table  5.  These  were  chosen  as 
representative  of  the  major  classes  of  hydrocarbons,  branched  paraffins 
(2, 2, 4-trimethyl  hexane)  cycloparaffins  or  "naphthenes"  (isopropyl 
cyclohexane)  and  aromatics  (sec-butyl benzene) . Normal  paraffins  were 
represented  by  the  standard  diluent  r^-decane.  Various  representative 

olefins  were  Included  In  this  study  because  of  their  known  (7^,  1£).  tendencies 
to  promote  deposit  formation  under  high  temperature  conditions. 


The  results  of  this  set  of  experiments  are  summarized  in 
Table  6.  Under  light  storage,  the  presence  of  the  various  hydrocarbons 
had  no  significant  effects  on  sediment  formation  with  2,5-dimethylpyrrole 
(DMP).  This  is  apparent  from  a comparison  of  total  sediment  accumulation 
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(Table  6)  and  the  rate  at  which  It  was  formed  (Figures  4-7).  The  values 
range  from  a high  of  1.58  g/500  g liquid  to  1.28  g/500  g liquid  with  the 
majority  falling  between  1.4  and  1.5  g/500  g liquid.  In  addition,  plots 
of  sediment  formation  vs^  storage  time  under  UV  radiation  all  have  similar 
shapes  (top  curves  In  Figures  4-7).  Apparently,  the  composition  of  the 
medium  has  little  effect  on  light  catalyzed  sedimentation  of  DMP. 

In  the  case  of  indole,  there  appears  to  be  significant 
differences  under  light  storage  conditions  (Table  6).  Addition  of 
sec- butyl  benzene  afforded  more  than  twice  and  1-dodecene  nearly  3 times 
the  sediment  encountered  with  indole  in  decane  alone.  However,  the 
total  deposits  obtained  were  quite  small  with  indole  and  unequivocal 
conclusions  are  difficult  to  draw. 

The  total  (60  day)  sediment  under  dark  storage  was  also  quite 
similar  for  the  various  samples  (Table  6).  In  the  case  of  DMP,  these 
ranged  from  slightly  more  than  0.5  g/500  g liquid  to  about  0.8  g/500  g 
liquid  with  most  samples  in  the  range  of  0.6  to  0.75  g/500  g liquid. 
However,  some  of  the  plots  of  sediment  formation  vs^  storage  time  show 
significant  differences.  Straight  line  plots  are  obtained  with  the 
paraffin  and  aromatic  hydrocarbons  as  well  as  the  DMP  alone  (Figures  4 
and  5).  With  two  of  the  olefins,  however,  the  shapes  of  the  curves 
under  dark  storage  are  quite  different  (Figure  6).  This  suggests  a 
possible  difference  In  mechanisms  of  sediment  formation  In  these  runs. 

We  have  noted  before  (13)  that  the  mechantsms  can  differ  under  various 
storage  conditions.  In  general,  however,  it  may  be  said  that  the  type 
of  hydrocarbon  diluent  has  a relatively  minor  effect  on  the  sediment 
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TABLE  5 

FUEL  HYDROCARBONS  EVALUATED  AS  SEDIMENT  PROMOTERS 


Additives  - q/500  q Diluent 

Nitroqen  Compound 

2, 5- DMP,  6.8 
2,5-DMP,  6.8 

None 

None 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

1-Dodecene 

1-Dodecene 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

i -Propyl cycl  ohexane 
i-Propyl cycl ohexane 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

2 .2 .4- Trl methyl  pentane 

2 .2 .4- Trimethyl pentane 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

sec-Butyl benzene 
sec-Butyl benzene 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

1 .7- Octadlene 

1 .7- 0ctadiene 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

4-Methyl -1 -cyclohexene 

4-Met  hyl - 1 -eye 1 o hexen  e 

X 

X 

2,5-DMP,  6.8 
2,5-DMP,  6.8 

2-Methylstyrene 

2-Methyl  styrene 

X 

X 

Indole,  8.4 
Indole,  8.4 

1-Dodecene 

1-Dodecene 

X 

X 

Indole,  8.4 
Indole,  8.4 

sec-Butyl benzene 
sec-Butyl benzene 

X 

X 

Li 


(1)  Added  at  2000  ppm  N level,  DMP  - dimethyl  pyrrole. 

(2)  Added  In  amounts  characteristics  of  that  class  of  compound 

(3)  Irradiated  constantly  with  UV  lamp  at  1100  iAf/cm. 


(1)  See  Table  5 for  levels  added  and  conditions. 

(2)  Average  of  several  runs  (See  Table  1). 


FIGURE  4 


STORAGE  TIME  (DAYS) 
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2.4  Effects  of  Oxygen-Containing  Impurities  on  Sediment  Formation 

As  pointed  out  previously  (p  £),  oxygenated  Impurities  such 
as  carboxylic  acids  and  phenols,  are  not  deleterious  to  storage  stability 
of  fuels  in  themselves.  However,  they  can  affect  the  sediment  formation 
caused  by  nitrogen  compounds  In  various  ways.  In  a previous  report  (8), 
it  was  shown  that  aliphatic  and  naphthenic  carboxylic  acids  strongly 
promote  sediment  formation  with  2, 5-dimethyl  pyrrole  (DMP) . On  the  other  hand, 
most  phenols  act  as  inhibitors.  This  study  was  extended  during  this  program 
to  include  a greater  variety  of  such  compounds.  As  discussed  below, 
structural  effects  can  be  quite  important  in  determining  the  effectiveness 
of  oxygen  compounds  as  either  promoters  or  inhibitors  of  sediment  for- 
mation. 


2.4.1  Effects  of  Benzoic  Acid 

The  catalytic  effects  of  a paraffinic  (rndecanoic)  and  napthenic 


(cyclohexanecarboxyl 1c)  acid  on  the  sediment  forming  reaction  were  reported 
previously  (8).  It  was  also  of  interest  to  investigate  a typical  aromatic 
acid.  The  results  with  benzoic  acid  (added  at  500  ppm  0)  are  given  in 


Table  7 and  Figure  7.  Also  shown  in  Table  7 are  previous  results  with 
some  other  acids.  The  60  day  totals  for  benzoic  (25%  increase  under  light 
and  60%  in  the  dark)  are  close  to  those  of  other  acids  studied,  although 
at  shorter  periods,  benzoic  was  somewhat  less  effective.  This  indicates 
the  effect  of  carboxylic  acids  is  a general  one  and  not  specific  to  one 


FIGURE  7 


STORAGE  TIME  (DAYS) 


EFFECTS  OF  BENZOIC  ACID  ON  SEDIMENT  FORMATION  WITH  DMP 
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2.4.2  Continuing  Study  of  Effects  of  Phenols 

Because  of  the  Interesting  structural  effects  observed  pre- 
viously a continuation  of  the  study  of  the  effects  of  phenols  on  sediment 
formation  with  various  nitrogen  compounds  has  been  carried  out.  The 
results  of  all  experiments  with  phenols  are  summarized  in  Table  8.  The 
effects  vary  with  positioning  of  substituents  in  relatively  small  but 
significant  ways.  These  differences  are  summarized  in  Table  9. for  both 
dark  and  light  storage  conditions.  Under  both  storage  conditions  the 
most  effective  phenols  are  those  with  large,  bulky  groups  In  the  2-  and 
6-  positions.  Methyl  groups  are  not  very  effective  in  enhancing  the 
retarding  effect  and  substitution  in  the  4-  position  seems  to  be  undesirable 
no  matter  what  type  of  grouping.  Adding  a methyl  group  or  even  another 
t-butyl  group  to  position  4 reduced  effectiveness  somewhat  at  least  under 
conditions  of  light  storage.  None  of  the  phenols  without  bulky  groups 
were  effective. 

Nixon  has  reported  the  structural  effects  of  phenols  as  anti- 
oxidants in  petroleum  systems  (1_5).  The  order  of  relative  effectiveness 
given  by  Nixon  Is  compared  to  those  observed  In  this  program  in  Table  10. 

Rankings  for  both  light  and  dark  stored  fuels  are  shown  although  the 
latter  is  more  representative  of  the  manner  in  which  the  petroleum  pro- 
ducts were  tested.  (To  a first  approximation,  the  rankings  for  light 
and  dark  storage  are  the  same).  The  relative  effectiveness  In  petroleum 
differs  significantly  from  the  present  work  with  DMP.  Thus,  Nixon  (15) 
reports  that  methyl  groups,  especially  In  position  4,  are  most  effective, 
while  we  observe  just  the  opposite  effect.  This  suggests  a different 
mechanism  of  autoxl dative  sediment  formation  may  be  operative  In  the 
present  case  over  that  previously  observed  In  petroleum. 
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A plot  of  sediment  formation  vs^  storage  time  for  DMP  In  the 
presence  of  various  hindered  phenols  under  light  storage  Is  given  In 
Figure  9.  In  general,  the  shapes  of  the  curves  are  similar  although 
the  more  effective  sediment  retarding  compounds  show  flattened  curves. 
This  reflects  the  relatively  larger  Inhibition  early  In  the  storage 
period.  Similar  curves  are  obtained  in  the  dark  although  they  are  much 
less  dramatic.  Phenols,  in  general,  are  relatively  much  more  effective 
In  Inhibiting  the  light  catalyzed  reaction. 
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TABLE  8.  EFFECTS  OF  PHENOLS  ON  SEDIMENT  FORMATION  WITH  DMP 
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2.5  Effects  of  Sulfur  Compounds  on  Sediment  Formation 

Sulfur  containing  compounds  are  found  In  both  petroleum 
derived  fuels  and  In  liquids  from  shale  and  coal  (16).  In  addition, 
they  have  been  found  to  be  deleterious  both  to  thermal  (14)  and  storage 
(1_)  stability  In  fuels  where  they  occur.  As  a result,  this  study  was 
undertaken  to  determine  the  effects  of  representative  sulfur  compounds 
on  sediment  formation. 

The  effects  of  various  sulfur  compounds  on  sediment  formation 
are  summarized  In  Table  11  and  Figures  10  and  11.  The  two  sulfides 
studied  had  little  effect  on  sediment  formation.  Dodecanethlol  tended 
to  reduce  sediment  formation  to  some  extent  (Figure  10).  The  aromatic 
thiols,  however,  showed  a large  Inhibitory  effect  early  In  the  storage 
period.  Thus,  3,000  ppm  of  thlophenol  (S  basis)  reduced  sediment  with  DMP  by  93% 
over  a 30  day  period  in  the  light  while  500  ppm  effected  a 75%  reduction 
over  the  same  period.  The  corresponding  reductions  for  60  days  storage, 
however,  were  62%  and  27%  respectively.  This  tendency  is  illustrated  by 
the  curves  in  Figure  11.  Under  dark  storage  conditions,  the  inhibitory 
effect  was  observed  for  the  entire  60  days  (Table  11,  Figure  10).  Similar 
results  were  obtained  with  £-th1ocresol  and  DMP  and  with  thiophenol  and 
2-methyl  indole  (Table  11).  Both  1-  and  2-naphthalene  thiols  were  studied 
under  sunlight  storage  (Table  11).  The  former  reduced  sediment  by 
about  60%  over  60  days  while  the  latter  was  somewhat  more  effective 
(70%  reduction  over  controls  after  60  days  storage  In  sunlight). 

The  thiols  may  be  acting  as  radical  scavengers  until  they  are 


exhausted  later  in  the  storage  period.  Alternately,  the  thiols  themselves 
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may  be  slowly  oxidized  to  sulfonic  acids  which  then  became  catalysts  for 
sediment  formation.  Such  "induction'1  periods  have  been  observed  in  petro- 
leum autoxldations  "catalyzed"  by  aromatic  thiols  (17).  Additional  research 
is  needed  to  clarify  the  mechanism  of  this  "thiol  effect". 

2.6  Effects  of  Dissolved  Oxygen 

Dissolved  oxygen  clearly  plays  an  Important  role  in  promoting 
sediment  formation.  Excluding  oxygen  reduces  sediment  caused  by  DMP  by 
about  50%  over  the  60  day  period  when  stored  in  light  and  75*  in  darkness 
(Table  12)*.  It  Is  noteworthy  that  the  combined  exclusion  of  light  and 
oxygen  reduces  sediment  by  87*  over  60  days  and  Jb£  over  95%  In  15  or 
30  days.  Plots  of  these  data  are  shown  In  Figure  12.  The  plots  suggest 
that  dissolved  oxygen  may  play  nearly  as  great  a role  as  light  In  pro- 
moting sediment  formation.  Deoxygenation  should  be  explored  further  as 
a method  for  stabilizing  shale  liquids. 

2.7  Effects  of  Moisture  and  Trace  Mineral  Acids 

The  results  of  some  preliminary  experiments  with  adding  water 
and  sulfuric  acid  to  decane  solutions  of  DMP  and  indole  are  given  in 
Table  13.  All  previous  "standard"  runs  have  been  made  with  n-decane 
which  was  dried  by  passing  through  activated  alumina  or  silica  gel. 
Surprisingly,  moisture  appears  to  retard  sediment  formation  somewhat 
while  sulfuric  acid  appears  to  have  little  or  no  effect.  This  finding 
requires  confirmation  In  light  of  the  effects  of  organic  acids  discussed 
above  (Section  2.4.1 ) . 

2.8  Characteristics  and  Chemical  Structure  of  the  Sediments 

Determining  the  structure  of  the  nitrogenous  sediment  is  useful 

for  elucidating  the  mechanism  of  formation  and  thereby  finding  methods  of 

*It  should  be  noted  that  the  runs  In  Table  12  were  maintained  O2  saturated 
by  sparging  with  air  after  each  storage  period.  They  differ  slightly 
from  standard  runs  (see  Table  1)  where  samples  were  not  sparged,  but 
were  simply  air  saturated  at  the  start. 


EFFECTS  OF  DEOXYGENATION  ON  SEDIMENT  FORMATION  WITH  2 ,5-DIMETHYLPYRROLE 


EFFECTS  OF  DISSOLVED  OXYGEN  ON  SEDIMENT  FORMATION  WITH  DMP 


preventing  it.  Elemental  analyses  for  selected  sediment  samples  from  DMP 
have  been  reported  previously  (8).  Although  storage  conditions  may  affect  the  rale, 
of  formation  and  quantity  of  sediment,  they  do  not  seem  to  alter  the 
characteristics  of  the  sediment.  The  data  suggest  that  the  deposits  are 
made  up  largely  of  repeating  units  of  oxidized  dimethyl  pyrrole.  This  Is 
clear  since  the  average  C/N  ratio  In  the  sediments  (6.3/1)  Is  very  close 
to  the  C/N  ratio  of  dimethyl  pyrrole  (6/1).  Thus,  no  other  carbon-containing 
species  have  been  introduced  Into  the  polymer.  On  the  other  hand,  con- 
siderable oxygen  (about  1.5  atoms  per  N)  has  been  Incorporated,  mostly 
at  the  expense  of  hydrogen.  The  approximate  average  molecular  composition 


of  11  sediment  samples  normalized  to  1 N atom  was  shown  to  be  (8): 

C6.3H7.0  N °1 .67 

while  that  of  dimethyl  pyrrole  Is: 

C6  Hg  N 

This  Indicates  1.5  atoms  of  oxygen  have  been  Incorporated  into  the 
molecule  at  the  expense  of  two  hydrogen  atoms  under  the  conditions  studied. 

The  major  Infrared  bands  from  the  sediments  are  shown  In  Table 
14.  The  spectra  were  obtained  as  smears  or  mulls  between  salt  plates 
since  the  extreme  insolubility  of  the  sediment  precludes  the  measurement 
of  solution  spectra.  The  analysis  confirms  that  the  pyrrole  ring  Is  Intact 
and  suggests  that  oxygen  has  been  Introduced  in  the  form  of  a carbonyl 
group.  The  strong  -CHj  absorption  relative  to  -CH2  Indicates  the  methyl 
groups  remain  Intact  and  that  no  long  chain  -CH2-  units  (from  other  com- 
ponents of  the  media)  have  been  Introduced. 


■ . 
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TABLE  14 

MAJOR  IR  BANDS  IN  SEDIMENT  FROM  2,5-DIMETHYLPYRROLE^  ^ 


Significance 


3300  - 3500  (s) 
2970  (s)  1375  (s) 
2925  (w)  1450  (w) 
1640  - 1670  (vs) 


-NH  or  -OH 
-CHo 

Lack  of  -CHo 
Conj  C'O  or  Amide 


(1)  Smear  or  mull  between  salt  plates. 

(2)  s * strong;  vs  = very  strong;  w = weak. 

The  more  Important  mass  spectral  peaks  and  their  possible  frag- 
ment assignments  are  given  In  Table  15.  From  the  elemental  analysis,  IR 
and  mass  spectral  data  one  can  begin  to  draw  partial  structures  for  the 
sediment  obtained  In  the  current  program.  These  are  shown  In  Table  16.  If 
a single  structure  Is  present,  the  representation  best  fitting  all  data  is 
I.  However,  the  mass  spectra  of  several  samples  suggests  the  sediment  may 
consist  of  several  compound  types  of  which  four  (II-V)  are  prevalent.  The 
average  properties  of  the  sediment,  as  analyzed  by  elemental  and  Infrared 
methods,  therefore,  could  readily  be  accounted  for  by  such  a mixture. 

If  forms  such  as  II-V  exist,  the  relative  contribution  of  each 
should  be  Influenced  by  the  degree  of  oxidation  of  the  nitrogen  compound. 
This,  In  turn,  should  be  a function  of  the  dissolved  oxygen  content  of 
the  fuel  at  m/e  108,.  That  Is,  peaks  122  and  123,  due  to  oxygenated  struc 
turesll,  IV  and  V,  might  be  expected  to  Increase  In  Intensity  In  samples 
run  In  the  presence  of  oxygen  relative  to  the  peak  at  M/e  94  which  arises 
from  Structure  III  which  contains  no  oxygen.  From  deoxygenated  samples,  the 
opposite  would  be  true. 


Figures  13  and  14  give  the  mass  spectra  of  sediments  from  DMP 


obtained  under  deoxygenated  and  air  saturated  conditions  respectively. 
The  ratios  of  the  94  peak  to  the  122  peak  are  11.3  for  the  deoxygenated 
sample  and  3.7  for  the  air  saturated  case.  This  Is  the  expected  trend 
as  outlined  above.  The  peaks  at  M/e  108  and  109,  show  corresponding 
increases  lending  additional  credence  for  the  existence  of  structures 
IV  or  V.  However,  additional  evidence  Is  needed  and  work  should  be  con- 
tinued in  this  area.  It  appears,  however,  that  structures  such  as  I - V 
are  the  most  reasonable  representations  of  the  sediments  obtained  from 
DMP. 


FIGURE  13.  MASS  SPECTRUM  OF  SEDIMENT  PERIOD  FOR  DEOXYGENATED  DMP  SOLUTION. 


SPECTRUM  OF  SEDIMENT  FROM  DMP  UNDER  AIR  SATURATED  CONDITIONS 


-JWJJ. « — ~ 
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3.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  general  conclusions  may  be  drawn  from  the  results 
of  research  conducted  under  this  contract. 

• Certain  nitrogen  compounds  can  be  seriously  deleterious  to 
storage  stability  of  synfuels. 

(1)  Weak  to  non-baslc  compounds,  especially 
pyrroles  and  Indoles  are  deleterious 
when  present  alone;  basic  nitrogen 
compounds  such  as  most  amines  are 

not. 

(2)  Alkyl  groups,  especially  In  positions 
2 and  5 on  the  pyrrole  and  Indole 
nucleus  Increase  the  tendency  toward 
sediment  formation. 

• The  hydrocarbon  content  of  the  fuel  has  little  or  no  effect 
on  nitrogenous  sediment  formation. 

• Storage  conditions  are  quite  Important. 

(1)  Light  strongly  catalyzes  sedimentation, 
but  dark  storage  does  not  completely 
prevent  It. 

(2)  Dissolved  oxygen  level  Is  quite 
Important. 

(3)  Moisture  and  mineral  acid  contents  are 
relatively  unimportant. 

• Certain  trace  Impurities  may  Interact  with  the  nitrogen 
compounds  to  promote  or  retard  sediment  formation. 
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(1)  Carboxylic  acids  are  catalysts;  the  effect 
is  especially  noteworthy  in  the  dark. 

(2)  Many  phenols  are  inhibitors;  structural 
effects  are  important. 

(3)  Sulfides  and  aliphatic  thiols  have  little 
effect  on  sediment. 

(4)  Aromatic  thiols  are  strong  Inhibitors 
early  in  the  storage  period  but  become 
much  less  effective  later. 

t The  sediments  have  a definable  chemical  structure  which 
appears  to  consist  of  repeating  units  of  partially  oxidized  nitrogen 
compound. 

These  findings  should  be  confirmed  and  extended  by  means  of 
the  following  additional  research: 

1.  The  magnitude  of  the  problem  should  be  defined  further: 

a) .  Survey  of  possible  deleterious  species 

should  continue. 

b) .  A study  of  possible  Interactions  between 

nitrogen  compounds  should  be  conducted  to 
determine  whether  certain  compounds.  Innocuous 
when  tested  alone,  may  become  deleterious  In 
the  presence  of  active  species. 

c) .  Study  of  effective  levels  of  various  dele- 

terious species;  determination  of  degree  of 
denitrogenation  needed  for  stability. 
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2.  Studies  aimed  at  promoting  a better  understanding  of 
the  sedimentation  reaction. 

s 

a) .  Kinetic  studies  using  temperature, 

level  of  nitrogen  species  and  catalyst  as 
variables. 

b) .  Continued  studies  of  sediment  struc- 

ture using  IR,  Mass  spectra  and  NMR. 

c) .  Studies  of  deposit  morphology  using 

scanning  electron  microscopy. 

d) .  Studies  of  effects  of  known  free 

radical  initiators  in  darkness; 
comparison  of  radical  initiated 
sedimentation  with  light  catalyzed 
reaction. 

3.  Additional  work  on  sediment  prevention. 

a) .  Deoxygenation. 

b)  . Use  of  additives. 


- 49  - 


4.  REFERENCES 

Oswald,  A.  A.  and  Noel,  F.,  J.  Chem.  Eng.  Data,  £ (2)  294  (1961. 

Mayo,  F.  R.,  Richardson,  H.  and  Mayorga,  G.  D.,  paper  presented  to 
Dlv.  of  Petroleum  Chem.,  ACS,  April,  1975;  Mayo,  F.  R.,  et  al_. , "The 
Chemistry  of  Fuel  Deposits  and  Their  Precursors",  Final  Report  for 
Naval  Air  Systems  Command,  Air  31 OC,  December,  1973. 

Allen,  C.  F.  H.,  Young,  D.  M.,  Gilbert,  M.  R.,  J.  Org.  Chem.  2,  235 
(1937). 

Potts,  H.  A.,  and  Smith,  G.  F.,  J.  Chem.  Soc.,  1957,  p.  4018. 

Offenhauer,  R.  D.,  Brennan,  J.  A.,  and  Miller,  R.  C.,  Ind.  Eng.  Chem., 

49,  1265  (1957). 

Oswald,  A.  A.,  J.  Org.  Chem.,  2A,  443  (1959). 

Taylor,  W.  F.,  and  Frankenfeld,  J.  W.,  "Development  of  High  Stability 
Fuel",  Final  Report  for  Phase  II,  Naval  Air  Propulsion  Test  Center, 
Contract  N00140-72-C-6892,  December,  1975. 

Frankenfeld,  J.  W.  and  Taylor,  W.  F.,  "Alternate  Fuels  Nitrogen 
Chemistry",  Final  Technical  Report  for  Contract  N0001 9-76-C-0675, 

NAVAIR  31 OC,  November,  1977. 

Frankenfeld,  J.  W.  and  Taylor,  W.  F.,  "Continuation  Study  of  Alternate 
Fuels  Nitrogen  Chemistry",  Quarterly  Progress  Report  No.  1.  (May,  1978). 
Frankenfeld,  J.  W.  and  Taylor,  W.  F.,  "Continuation  Study  of  Alternate 
Fuels  Nitrogen  Chemistry",  Quarterly  Progress  Report  No.  2 (August  1, 
1978). 

Frankenfeld,  J.  W.  and  Taylor,  W.  F.,  "Continuation  Study  of  Alternate 
Fuels  'Htroqen  Chemistry,  Quarterly  Progress  Report  No.  3 (November,  1R7P 


- 50  - 


12.  Schofield,  K.,  "Hetero-Aromatic  Nitrogen  Compounds;  Pyrroles  and 
Pyrldlnes",  Plenum  Press,  New  York  (1967). 

13.  Houlihan,  W.  J.,  "Indoles,  Part  I",  Volume  25,  part  1 of  "The 
Chemistry  of  Heterocyclic  Compounds",  A.  Welssberger  and  E.  C. 

Taylor,  Eds.,  Wiley- Interscience , New  York  (1972). 

14.  Taylor,  W.  F.,  "Development  of  High  Stability  Fuel",  Final  Report 
for  Contract  N00019-71-C-0463,  Naval  Air  Propulsion  Test  Center, 

April,  1972. 

15.  Nixon,  A.  C.,  "Autoxldatlon  and  Antioxidants  of  Petroleum",  Ch.  17  In 
Autoxidatlon  and  Antioxidants,  W.  0.  Lundberg,  Ed.,  Volume  II, 
Interscience,  New  York  (1962). 

16.  Taylor,  W.  F.  and  Hall,  H.  J.,  "Future  Synthetic  Fuels",  A Scientific 
and  Technical  Applications  Forecast,  Contract  DAAD05-73-C-0559,  Depart- 
ment of  the  Army,  September,  1975. 


17.  Sauer,  R.  W.,  Weed,  A.  F.,  and  Headington,  C.  E.,  Am.  Chem.  Soc. 
Petroleum  Div.  Preprints,  95  (Chicago,  1958). 


SECURITY  CLASSIFICATION  of  This  PAGE  (When  Data  Entered) 

REPORT  DOCUMENTATION  PAGE  beforeDcompletSJgNform 

1 — ■ . li  .rrrttiAi.  y -RECIPIENT'S  CATALOG  NUMBER 

flip)  EXX0N/GRU.2KWC.79  ' Q) 


fj  ijy  EXX0N/GRU.2KWC.79  j 

i.  TITLE  f— d Sutmi.i  

/,  . Continuation  Study  of  Alternate  Fuels  Nitrogen 
/ Chemistry,  j v*  ""  ' 


[ 6.  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NMMBERfs) 


//!§  John  W.  Frankenfeld 
1 1 I William  F.  Taylor  / 


(jt’V  N(^19-78-C-0177 


f PERFORMING  ORGANIZATION  NAME  AND  ADDRESS  10.  PROGRAM  EL  EMEN  T.  PROJ  ECT.  T ASK 

- _ . , _ . * * AREA  & WORK  UNIT  NUMBERS 

Exxon  Research  and  Engineering  Company^  

Post  Office  Box  8 I'JUi  £ fp. 

Linden,  New  Jersey  07036  ( — 

11  CONTROLLING  OFFICE  NAME  AND  ADDRESS  ^ 12.  REPORT  DATE 

Department  of  the  Navy  { / / FebPMMMM79  / 

Naval  Air  Systems  Command  - AIR  31 0C  'S.  UIJM8WBMP!K 

Washington,  D.C.  20361 

14.  MONITORING  AGENCY  NAME  a ADDRESS (It  dllterent  from  Controlling  Oltice)  15.  SECURITY  CLASS.  ( ol  thl,  report ) 


r 


15a.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


M8.  DISTRIBUTION  STATEMENT  (of  thle  Report) 


Approved  for  public  release;  distribution  unlimited. 


I 17.  DISTRIBUTION  STATEMENT  (ot  the  abstract  entered  In  Block  20,  It  different  from  Report) 


IB.  SUPPLEMENTARY  NOT'ES 


1 19  KEY  WORDS  ( Continue  on  reveree  elde  If  neceaaary  and  Identify  by  block  number) 


Fuel  Stability 
Pyrroles 
Indoles 
Amines 


Thiols 
Phenol s 

Storage  Stability 
Sediment  Formation 


Autoxldatlon 
Nitrogen  Compounds 
Deoxygenation 


20.  ABL\jRACT  (Continue  on  reveree  aide  It  neceaaary  and  Identify  by  block  number) 

An  Investigation  of  the  effects  of  nitrogen  compounds  on  sediment  formation 
during  fuel  storage  was  carried  out  using  model  fuel  systems.  Various  weak  to 
non-baslc  nitrogen  compounds,  especially  alkyl  pyrroles  and  Indoles  were  found 
to  promote  sediment  formation;  basic  nitrogen  compounds  such  as  most  amines  did 
not.  The  sediment  formation  was  strongly  catalyzed  by  light  and  carboxylic 
acids.  Phenols  and  aromatic  thiols  retard  sedimentation.  Sulfides  and  ali- 
phatic thiols  had  little  effect.  Moisture  and  traces  of  mineral  acid  also  had 


DD  , j an  ^73  1473 


f 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  Data  Entered) 


